INTRODUCTION {#jctb4586-sec-0004}
============

In recent years the anaerobic membrane bioreactor (AnMBR) has been shown to be an effective method for the treatment of wastewater.[1](#jctb4586-bib-0001){ref-type="ref"} These reactors combine the benefits of an MBR: 100% solids retention, complete separation of solid retention time (SRT) and hydraulic retention time (HRT), with the benefits of anaerobic treatment: low sludge production and energy input, and biogas generation.

The membranes used in AnMBRs tend to have a pore size in the region of 0.1--0.4 µm, and this provides a direct barrier that stops bacteria passing through the membrane by size exclusion, i.e. the membrane pore size is smaller than the bacteria. For viruses this is not often the case, and viruses can vary in size from approximately 20 nm up to 200 nm. Therefore, most viruses should be able to pass through the membrane without restriction, although due to the surface biofilm which grows on the membrane this may not always be the case. In recent years there have only been a few publications on virus removal within aerobic membrane bioreactors (MBRs), and in most cases bacteriophages rather than enteric viruses have been used.[2](#jctb4586-bib-0002){ref-type="ref"} Furthermore, virtually no work has been carried out on virus removal in anaerobic systems.

The removal of viruses in wastewater treatment is of growing importance due to the epidemiological nature of viral pathogens. Traditional methods of post‐treatment disinfection have focused on the removal of faecal coliforms; however, studies have shown that viruses are more resistant to disinfection agents than vegetative bacteria.[3](#jctb4586-bib-0003){ref-type="ref"} For AnMBRs, extrapolating virus removal from faecal coliform removal data is not possible because of the nature of the reactors, and the difference in sizes of these pathogens. The membrane will exclude coliforms in the effluent, however, the pores are too large to ensure viruses are excluded, and therefore unlike a conventional active sludge system, the viral content cannot be estimated via a correlation with the fecal coliforms present in the effluent.

Virus removal is often defined in terms of log removal value (LRV), which is calculated as shown in Equation [(1)](#jctb4586-disp-0001){ref-type="disp-formula"}, where *LRV* is the log removal value, *C~eff~* is the concentration of phage in the effluent in (plaque forming units) pfu mL^−1^, and *C~rxr~* is the concentration of phage in the reactor bulk: $$LRV = - \log\left( \frac{C_{\textit{eff}}}{C_{rxr}} \right)$$

The capacity of sewage treatment plants to remove a variety of different size viruses was reviewed extensive by Xagoraraki *et al.* [3](#jctb4586-bib-0003){ref-type="ref"}; the authors reviewed the log removal of viruses through all the standard units found in an average wastewater treatment plant (WWTP). The activated sludge unit (which is what the AnMBR would replace in the process flow model), had a median removal of 94%. While this appears to be a high removal figure, the total viral removal requirements across the wastewater system are much greater than this (∼5--6 logs) due to their ability to infect even at low concentrations, and in most cases tertiary effluent processing is required.

There are three main routes currently available for tertiary disinfection; chlorination (via free chlorine or chlorine dioxide), ozonation or UV radiation.[4](#jctb4586-bib-0004){ref-type="ref"} Chlorination has been shown to produce harmful disinfection by‐products (DBPs) such as trihalomethanes, and there is also the significant risk involved in the storage of harmful chemicals on site. While UV radiation is less hazardous, it is expensive to run due to the energy cost of operating a large number of UV bulbs; in addition, with UV radiation it is difficult to immediately monitor the efficacy of treatment. Therefore, it is important to gain an understanding of the level of viral removal that can be achieved within the AnMBRs, such that the level of tertiary treatment (if required) can be accurately assessed.

Due to the difficulties and safety concerns involved in using enteric viruses, bacteriophages are frequently used as viral indicators because of their similarities with pathogenic viruses in terms of structural morphology, size, and behaviour.[2](#jctb4586-bib-0002){ref-type="ref"} As with viruses, phages come in a wide range of shapes and sizes. The smallest phages such as MS‐2 with a diameter of 24 nm, have been widely used as a model for the Polio virus which has a diameter of 27 nm.[5](#jctb4586-bib-0005){ref-type="ref"}, [6](#jctb4586-bib-0006){ref-type="ref"}, [7](#jctb4586-bib-0007){ref-type="ref"} Similarly, the T4 phage (longest dimension 200 nm) has been used as an indicator for larger viruses such as the SARS virus.[8](#jctb4586-bib-0008){ref-type="ref"}

Without tertiary treatment the potential for viral removal in a conventional sewage treatment works (STW) is limited, and some workers found a 1.31 log removal of a T4 phage across all units of a STW.[9](#jctb4586-bib-0009){ref-type="ref"} The greatest removal in an individual unit was in the activated sludge tanks, which exhibited a 0.91 log removal; this overall removal is similar to that found by Xagoraraki *et al.* [3](#jctb4586-bib-0003){ref-type="ref"} for virus removal, demonstrating the similarities between virus and phage data. Studies on virus removal have tended to focus on aerobic MBRs rather than the AnMBR. The first study investigating phage removal in an MBR was conducted by Chiemchaisri *et al.* using a Qβ coliphage in a reactor treating domestic wastewater.[10](#jctb4586-bib-0010){ref-type="ref"} The researchers determined a 4--6 log removal of the phage across the membrane, while in a similar experiment other researchers determined a 3--4 log removal.[3](#jctb4586-bib-0003){ref-type="ref"}, [11](#jctb4586-bib-0011){ref-type="ref"} Both attributed the phage removal to the cake/gel layer on the membrane surface. However, for use as a viral indicator the Qβ phage is not suitable because it has been shown to aggregate at pHs between 7 and 5, thereby changing its rejection.[12](#jctb4586-bib-0012){ref-type="ref"} This aggregation effect is shown by all phages, however, for the MS‐2 and T4 phages the aggregation pH is lower than 5, which is outside the operational parameters of the AnMBR.[12](#jctb4586-bib-0012){ref-type="ref"}

Shang *et al.* studied the removal potential of the MS‐2 bacteriophage in an aerobic MBR using a 0.4 µm hollow fiber membrane; they found that the membrane alone showed a poor log removal of the phage (0.4 log).[2](#jctb4586-bib-0002){ref-type="ref"} However, when operated in the presence of activated sludge the phage removal increased, and this was attributed to the presence of a biofilm layer on the membrane surface. Over a period of 3 weeks as the biofilm developed, virus removal increased from an initial LRV of 0.8 up to 2.5 LRV after 3 weeks of operation. Other studies have investigated the removal of the T4 phage in MBRs because this is one of the largest phages, and hence the LRV is typically much higher, ranging from 5.5 up to complete removal.[8](#jctb4586-bib-0008){ref-type="ref"}, [13](#jctb4586-bib-0013){ref-type="ref"} Again the cake and gel layer on the membrane surface was suggested to be responsible for the majority of the LRV, although very few researchers have examined this phenomenon in any detail, and never in an anaerobic membrane system. There are some indications that anaerobic environments may lead to higher pathogen removal than aerobic systems due to the presence of specific solutes, e.g. ammonia, and hence this was one reason for examining virus removal under anaerobic conditions.[14](#jctb4586-bib-0014){ref-type="ref"}

It is important to note that in a general operational sense membrane fouling is considered to be an unwanted consequence of MBR operation, due to the fouling layer increasing the transmembrane pressure (TMP), and often reducing the flux. In recent years there has been a plethora of studies into the understanding and mitigation of fouling in MBRs.[15](#jctb4586-bib-0015){ref-type="ref"}, [16](#jctb4586-bib-0016){ref-type="ref"} One of the most common methods for controlling fouling in the MBR (aerobic or anaerobic) is to bubble gas from below the membrane to induce shear across the membrane surface. [17](#jctb4586-bib-0017){ref-type="ref"}

Hence this study aimed to determine the LRV for both MS‐2 and T4 phage removal in an AnMBR, to see if the removal was similar, and whether anaerobic conditions in contrast to aerobic conditions had an influence on virus removal. Furthermore, phage removal was also determined at different sparging rates across the membrane surface to determine how fouling, and its cumulative influence, affects phage removal.

METHODS {#jctb4586-sec-0005}
=======

AnMBR setup and operation {#jctb4586-sec-0006}
-------------------------

The experimental setup for the AnMBR used in this study is shown in Fig. [1](#jctb4586-fig-0001){ref-type="fig"}; the membrane used was a 0.1 m^2^ polyethylene membrane from Kubota with a pore size of 0.4 µm. The reactor had a working volume of 3 L, with the gas in the headspace being recycled through the sparging loop by a vacuum pump (Charles Austin B100SEC); the sparger was a stainless steel tube with holes in the top to generate coarse bubbles. The sparging rate was controlled using a pinch valve and monitored using a gas flowmeter (Cole Parmer). The feed and effluent flows were controlled by peristaltic pumps (Watson Marlow), and set to maintain a constant HRT of 12 h. The membrane flux was also controlled by peristaltic pump and set to a constant speed such that the flux remained between 6 and 7 L m^−2^ h^−1^. The reactor was fed with a synthetic wastewater mixture comprised of peptone (0.2 g L^−1^), meat extract (0.14 g L^−1^), urea (0.01 g L^−1^), and NaHCO~3~ (300 mg L^−1^) plus trace nutrients, and the influent COD was maintained at 460 ± 30 mgCOD L^−1^.[18](#jctb4586-bib-0018){ref-type="ref"} The anaerobic biomass was sourced from Mogden STW and acclimated prior to experimentation by feeding it for 2 months with the synthetic wastewater mixture.

![Schematic representation of AnMBR setup.](JCTB-90-384-g001){#jctb4586-fig-0001}

Throughout the experiments the COD removal, pH and gas composition were monitored. The COD removal remained steady and above 90% throughout, while the gas composition in the headspace of the reactor was 80% CH~4~, and the pH was kept between 6.8 and 7.1 for stable anaerobic operation, and well above the pI (isoelectric point) for both phages to stop them coagulating.

Phage culturing and assay {#jctb4586-sec-0007}
-------------------------

A liquid sample of the phages was obtained from the NCIMB (accession number 10108 for MS‐2 and 10423 for Phage T4) and propagated. First, an active stock of *E. coli* (ATCC 12435) was prepared overnight in a nutrient broth to an optical density of approximately 1.8; the *E. coli* was harvested via centrifugation and resuspended in phage buffer. A 100 µL sample of this *E. coli* suspension, and a 100 µL sample of sequentially diluted phage, were added to a 3 mL solution of overlay agar at 45 °C. The overlay agar was then poured onto petri dishes containing a blood agar base layer and the plates left to incubate overnight. Where confluent lysis occurred, 5 mL of phage buffer was added to the plate which was placed on an orbital shaker at 100 rpm for 1 h to elute the phage. The eluted phage was then centrifuged and filtered through a 0.45 µm syringe filter to remove any cell debris. The filtrate containing the concentrated phage solution was stored at 4 °C for up to 4 weeks. Phage enumeration was carried out according to the double layer method as described by Kropinski *et al.* [19](#jctb4586-bib-0019){ref-type="ref"} The assays were carried out at serial dilutions, and plates containing 10--300 plaques were selected for counting.

Phage log removal sampling {#jctb4586-sec-0008}
--------------------------

For each experiment a 1 mL sample of concentrated phage solution was injected into the reactor to give a concentrated viral spike in the reactor of approximately 1 × 10^7^ pfu mL^−1^. However, the exact phage concentration in the reactor at any particular time was determined through direct sampling and analysis. Samples were collected inside the reactor from the bulk phase by connecting a 20 mL syringe to the relevant sample port. Effluent samples were collected from a T valve situated just after the membrane pump. Each sample was analysed at several different dilution factors, and each dilution factor was duplicated to ensure accuracy.

The first samples were taken no earlier than 1 h after injection to allow for complete mixing. For each gas scouring rate thre samples were taken from inside the reactor and three from the effluent. Each sample was treated and enumerated as described above; the LRV was calculated using Equation [(1)](#jctb4586-disp-0001){ref-type="disp-formula"}. Prior to the start of the experiment the membrane was removed from the reactor and cleaned with a 1% oxalic and 0.5% NaOCl solution.[15](#jctb4586-bib-0015){ref-type="ref"} The membrane was then re‐submerged in the reactor and operated at the highest sparging rate until a steady TMP was achieved. The LRV at the highest sparging rate was then monitored over a period of 3 days in order to ascertain if it was stable. Once a stable LRV at 10 liters per minute (LPM) had been established, the sparging rate in the reactor was reduced and the reactor left for 24 h to reach a new equilibrium, and the next LRV assessed. To avoid any contamination between phages the experiments with the T4 phage were carried out in a separate AnMBR to the MS‐2 experiments, and the different phage samples stored in separate fridges.

Reactor operation {#jctb4586-sec-0009}
-----------------

To determine the reactor performance after long‐term operation at low sparging rates three phage removal cycles were monitored, labeled A, B and C (results shown in Figs [8](#jctb4586-fig-0008){ref-type="fig"} and [9](#jctb4586-fig-0009){ref-type="fig"}). For data set A the reactor was operated with a sparging rate of 2 LPM for 10 days, before the sparging rate was gradually increased. For data set B the reactor was operated with a sparging rate of 2LPM for 1 month before the sparging rate was increased and the phage removal determined. Data set C is a continuation from B; after the sparging rate had been increased up to 10 LPM it was then incrementally lowered back to 2LPM to determine if the higher sparging rates had altered the phage removal performance.

RESULTS AND DISCUSSION {#jctb4586-sec-0010}
======================

Phage adsorption to anaerobic biomass {#jctb4586-sec-0011}
-------------------------------------

It is important to understand the various interactions of the phage with anaerobic biomass. It has been suggested that the coliphage may adsorb to the surface of other bacteria even if it is unable to infect the bacteria to generate more phage. Hence any phage adsorbed to the surface of a bacterium would not be able to pass through the membrane since the pores are too small. In fact, some phages and enteric viruses have been observed to adsorb directly onto aerobic activated sludge flocs.[20](#jctb4586-bib-0020){ref-type="ref"} The effect of phage adsorption to biomass was not considered in any of the studies on phage removal in aerobic MBRs.

To investigate this, known concentrations of MS‐2 phage were injected into serum bottles containing different concentrations of biomass. The serum bottles were placed on a mixing tray at 60 rpm and 30 °C and then left for 3 h to equilibrate. Initially the phage was injected at a concentration of approximately 10^4^ pfu mL^−1^; a control containing only a media solution was also tested. The concentration of phage remained constant across all biomass concentrations; this indicates that at 10^4^ pfu mL^−1^ concentration of phage no measurable adsorption to the biomass was occurring.

To examine the possibility that the phage concentration was too high to detect any adsorption, the same experiment was then repeated two logs lower at 10^2^ pfu mL^−1^. Once again that the concentration of phage remained constant across all biomass concentrations, including the control. From these results it can be assumed that MS‐2 does not adsorb to the biomass surface at the concentrations being investigated. It is still possible that some adsorption may occur, however, for this study the concentration of phage in contact with the biomass was greater than 10^2^ pfu mL^−1^, and hence for the purpose of this study the adsorption of phage to the surface of the biomass does not need to be considered. This control experiment was done for the MS‐2 phage only, and it was assumed that the equivalent was also true for the T4 phage.

The mechanism by which an MS‐2 RNA phage infects *E. coli* is currently unknown (unlike the mechanism for the T4 phage which is well established); however, the phage only infects *E. coli* cells with an F‐pilus, in addition to this the phage has an icosahedral shape.[21](#jctb4586-bib-0021){ref-type="ref"} These factors may help explain why this particular phage does not appear to adsorb strongly to the surface of the biomass. Additionally other workers demonstrated that phages suspended in wastewater show a reduced propensity to adsorb to soil particles compared with those suspended in groundwater, due to the ionic strength of the solutions; therefore in this case the ionic strength of the wastewater may be preventing adsorption.[22](#jctb4586-bib-0022){ref-type="ref"}

MS‐2 and T4 removal {#jctb4586-sec-0012}
-------------------

To assess the removal efficiency of the membrane alone, the reactor was initially set up without any biomass. The AnMBR was both filled and fed with deionised water, and at a constant flux below the clean water flux for the membrane no pressure drop across the membrane was detected. A small amount of phage removal from the membrane alone was expected due to sieving effects (size exclusion). The MS‐2 phage removal for the membrane alone was determined to be 0.7 ± 0.4 LRV. This was slightly greater than the 0.4 LRV achieved by Shang *et al.* on similar membranes, but their result falls within the ± 0.4 log error margin determined for this data point.[2](#jctb4586-bib-0002){ref-type="ref"} The base line removal for the larger T4 phage was found to be 2.3 LRV ±0.2, and this was slightly greater than Lv *et al.* who achieved a 1.7 LRV for the membrane alone. [8](#jctb4586-bib-0008){ref-type="ref"}

The AnMBR was then filled with acclimated biomass and operated under the conditions described in the methods section. The AnMBR was initially operated at a 10 LPM sparging rate, which was sequentially decreased to 2 LPM over time. The results of this experiment for the MS‐2 and T4 phages are shown in Fig. [2](#jctb4586-fig-0002){ref-type="fig"} and Fig. [3](#jctb4586-fig-0003){ref-type="fig"}, respectively. For both MS‐2 and T4 the TMP remained negligible for sparging rates between 10 and 4 LPM, because the reactor was operated below the critical flux -- the case at 2 LPM will be considered later. In spite of the low TMP the LRV does appear to increase with the decreasing sparging rate between 10 and 4 LPM, so this data was analysed statistically using an F‐test. The null hypothesis was '*gassing rates from 10--4 LPM have the same log removal value for T4*', and a significance level set to 5%. The results were 0.293 for the T4 phage and 0.066 for the MS‐2 phage, which are both above the significance level, and therefore for both data sets we cannot reject the null hypothesis. Thus any correlation between the gassing rate and the LRV is not statistically significant for gassing rates between 10 and 4 LPM. As expected, the LRV for the T4 phage was much higher than that for MS‐2, as any pore blocking effect of the biomass will make a greater difference for the larger phage.

![MS‐2 phage removal in the SAMBR at different sparging rates; error bars show 1 standard deviation for each measurement, samples were taken 24, 26 and 28 h after the change in gassing rate.](JCTB-90-384-g002){#jctb4586-fig-0002}

![T4 phage removal in a SAMBR at different gassing rates, for the 2 LPM data the time since the gassing rate was set is displayed next to the data point. For all other data points the time did not affect the LRV, and samples were taken at 24, 26 and 28 h and averaged.](JCTB-90-384-g003){#jctb4586-fig-0003}

Comparing this data with the literature, the log removal values for MS‐2 are slightly higher than those achieved in an aerobic MBR by Shang *et al.* who found an average removal of 1.2 LRV in their aerobic MBRs with 0.4 µm pore size membranes.[2](#jctb4586-bib-0002){ref-type="ref"} These higher removals could be due to the higher levels of EPS or ammonia which have previously been shown to be the cause of higher virus removals in anaerobic systems.[14](#jctb4586-bib-0014){ref-type="ref"} The T4 results are entirely above 5 log, which falls within the range of removal found by Ueda *et al.* for a similar T‐even phage, again using similar membranes.[9](#jctb4586-bib-0009){ref-type="ref"}

When the reactor was operated at a sparging rate of 2 LPM a dramatic increase in fouling occurred which can be seen in Fig. [4](#jctb4586-fig-0004){ref-type="fig"}. For both MS‐2 and T4 the LRV varied with the time each sample was taken, and hence the larger standard deviation error bars for these data points. As described in Materials and methods, the reactor was operated at this sparging rate for 24 h before the first sample was taken, however, for the case at 2 LPM it appears that 24 h was not long enough to achieve stable rejection. For the MS‐2 AnMBR the TMP rose dramatically in the first 12 h of operation from 1 kPa at 4 LPM to 65 kPa, but then settled down to 55 kPa for the remainder of operation at 2 LPM (data not shown); this decrease was most likely due to some settling of the biomass resulting in lower suspended biomass solids. The reactor was sampled again 48 h after the change in sparging rate, and the LRV was found to have increased further to 3.2, hence the larger errors bars for this data point in Fig. [2](#jctb4586-fig-0002){ref-type="fig"}. Since there was no further increase in TMP during the final 24 h of operation, this shows that phage removal in the AnMBR was not entirely dependent on TMP.

![Photographs of the membrane after 24 h of operation at each sparging rate.](JCTB-90-384-g004){#jctb4586-fig-0004}

For the T4 AnMBR a similar phenomenon was observed, however, after 48 h the number of plaques in the effluent sample at the lowest dilution dropped below 10 (the minimum number for an accurate reading), and therefore it was not possible to accurately determine the LRV. Further to this more T4 were injected into the reactor at the highest practicable concentration; in this case the T4 concentration in the reactor surpassed 10^9^ pfu mL^−1^. Since the concentration in the effluent remained below the lowest accurately determinable point (10^2^ pfu mL^−1^), the T4 phage removal of the reactor was above 7 LRV.

MS‐2 removal at low sparging rate {#jctb4586-sec-0013}
---------------------------------

To fully investigate the effects of phage removal at low sparging rates the membrane was removed from the reactor and cleaned using the chemical cleaning method described earlier. The membrane was then re‐submerged in the reactor and the unit operated at a gassing rate of 2 LPM, and phage removal monitored over time.

As shown in Fig. [5](#jctb4586-fig-0005){ref-type="fig"} phage removal increased over time, and a logarithmic relationship best fitted the data. The initial rejection data, 1 and 3 h after the membrane was re‐submerged were quite low (\<1 log). It is assumed that at these times there would be very little build‐up of biofilm, so most of the removal was down to that of the membrane alone; hence the LRV for the first 3 h of operation was quite similar to that achieved in the initial AnMBR experiments without any biomass (0.7 ± 0.4 LRV), however, after 3 h the LRV increased rapidly to reach around 2.4 after 24 h. After this, phage removal appears to gently increase at a much lower rate, tending towards a rejection of approximately 3 LRV. This suggests that the majority of the membrane fouling occurs quite quickly, within 24 h, and after this time there is only a minor increase in LRV.

![MS‐2 phage removal in a reactor operated at 2 LPM.](JCTB-90-384-g005){#jctb4586-fig-0005}

Membrane hysteresis, effect on MS‐2 rejection {#jctb4586-sec-0014}
---------------------------------------------

The previous results dealt with MS‐2 phage removal in an AnMBR starting with a clean membrane. In a full scale operation, the membrane is likely to be removed for cleaning over much longer intervals, typically 6--9 months for the Kubota membranes.[23](#jctb4586-bib-0023){ref-type="ref"} Therefore, it is important to consider the effect long‐term operation will have on phage removal within the AnMBR.

After 10 days of operation at 2 LPM the MS‐2 reactor continued to show rejections in the region of 3 LRV. After this time the sparging rate in the reactor was increased again in a step wise manner and the MS‐2 rejection monitored; it can be seen in Fig. [6](#jctb4586-fig-0006){ref-type="fig"} that as the sparging rate was increasds the MS‐2 rejection also increased (up to a sparging rate of 8 LPM). This is the opposite trend to that observed in Fig. [2](#jctb4586-fig-0002){ref-type="fig"} and is rather counter intuitive; however, a possible explanation for this is discussed at the end of this section. Between 8 and 10 LPM the LRV appears to decrease slightly, however, since this is within the error range, it is thought that after 8 LPM increasing the sparging rate has little effect on the LRV. During this experiment photographs of the membrane were also taken to visually document removal of the fouling layer as the sparging rate was increased. Figure [7](#jctb4586-fig-0007){ref-type="fig"} shows that once the sparging rate had been increased back to 10 LPM the visible fouling layer had almost completely been removed, and was similar to that observed in Fig. [4](#jctb4586-fig-0004){ref-type="fig"}. This suggests that something else besides obvious surface fouling was controlling phage removal in the AnMBR.

![MS‐2 removal in the AnMBR after 10 days operation at 2 LPM.](JCTB-90-384-g006){#jctb4586-fig-0006}

![Photographs of the AnMBR membrane as the sparging rate is increased.](JCTB-90-384-g007){#jctb4586-fig-0007}

To confirm this result the experiment was repeated in another AnMBR; in this case the membrane had not been cleaned for more than 6 months, and the reactor had experienced more than 1 month\'s operation at 2 LPM. This data is shown in Fig. [8](#jctb4586-fig-0008){ref-type="fig"} and shows the same trend as in Fig. [6](#jctb4586-fig-0006){ref-type="fig"}; between sparging rates of 2 and 8 LPM the rejection increases with increased sparging rate. Again at 8 and 10 LPM sparging rates the phage removal was roughly constant at 4.2 log removal, which suggests that phage removal had reached a maximum, and that further increasing the sparging rate will not have any effect. The rejections in Fig. [8](#jctb4586-fig-0008){ref-type="fig"} are all higher than the rejections observed at the same sparging rate in Fig. [6](#jctb4586-fig-0006){ref-type="fig"}. Since both AnMBRs were operated under the same conditions during experimentation, it is assumed that membrane hysteresis has a part to play in this increased rejection. Figure [8](#jctb4586-fig-0008){ref-type="fig"} shows that the additional length of time spent in operation at 2 LPM had increased the baseline removal.

![MS‐2 phage removal in the AnMBR after extended operation.](JCTB-90-384-g008){#jctb4586-fig-0008}

To check for reversibility phage removal was again monitored as the sparging rate was decreased in a stepwise fashion, and this is shown as data set C in Fig. [8](#jctb4586-fig-0008){ref-type="fig"}. With the exception of the 6 LPM data point the data set C falls within 1 standard deviation of data set B, thus demonstrating good reversibility (the standard deviation of each data point is represented by the error bars in the graph). This implies that, whatever phenomenon is causing phage removal, once it has occurred it is not affected by time. The removals observed here are significantly higher than those observed by Shang *et al.* in an aerobic MBR, who found a maximum log removal of 2.5.[2](#jctb4586-bib-0002){ref-type="ref"} However, they only operated for 20 days, and therefore with extended operation they may have achieved a similar value. In fact the removal falls into the same range as that found for the Qβ phage.[10](#jctb4586-bib-0010){ref-type="ref"} While these researchers used a different phage, Qβ, it is similar in size, behavior and morphology to the MS‐2 phage, and therefore in good agreement with the data on extended operation.

The different sparging rates had an effect on the TMP in the reactor, and therefore the phage rejections can also be analysed with respect to the TMP. From Fig. [9](#jctb4586-fig-0009){ref-type="fig"}, it can be seen that in the main, as the TMP is increased the LRV decreases, similarly to the data displayed in Figs [6](#jctb4586-fig-0006){ref-type="fig"} and [7](#jctb4586-fig-0007){ref-type="fig"}, the trend observed here is the opposite to what was expected. This trend of increasing phage removal with decreasing TMP has not previously been observed in other work on phage removal in MBRs. In other work, phage removal has been shown to increase with an increase in TMP.[2](#jctb4586-bib-0002){ref-type="ref"}, [9](#jctb4586-bib-0009){ref-type="ref"} In these other publications, however, the TMP was only shown to increase over time as the fouling layer built up, and no attempt was made to decrease the TMP after the fouling layer became established.

![MS‐2 phage removal in two reactors after extended operation at low sparging rates; dependence on TMP.](JCTB-90-384-g009){#jctb4586-fig-0009}

The data above shows that phage removal appears to increase with increasing sparging rate (Fig. [8](#jctb4586-fig-0008){ref-type="fig"}), decreasing surface fouling (Fig. [7](#jctb4586-fig-0007){ref-type="fig"}), and decreasing TMP (Fig. [9](#jctb4586-fig-0009){ref-type="fig"}). This appears to contradict other authors who attribute phage removal to surface fouling; however, these authors only investigated increasing fouling rates rather than the subsequent fouling removal and TMP reduction as in this study.[2](#jctb4586-bib-0002){ref-type="ref"}, [10](#jctb4586-bib-0010){ref-type="ref"}, [11](#jctb4586-bib-0011){ref-type="ref"} The explanation for this trend in phage removal in the reactors after extended operation is unclear, however, Cui *et al.* reported that MBRs have demonstrated increased rejection at increased sparging rates for other compounds, and suggest that this is down to reduced concentration polarisation at the membrane surface for higher sparging rates.[17](#jctb4586-bib-0017){ref-type="ref"} The phage particles can be assumed to be the solute, and at low sparging rates the concentration at the surface of the membrane would increase and therefore there would be an increased concentration of phage in the effluent. At higher sparging rates the boundary layer would be reduced and the phage concentration at the membrane surface would be similar to that in the bulk so explaining the lower phage concentration in the effluent.

Phage concentration in the AnMBR bulk over time {#jctb4586-sec-0015}
-----------------------------------------------

To mitigate any effect of phage propagation in the AnMBR over time, the concentration of phage in the reactor was directly sampled from the bulk at the same time as the effluent samples were taken; however, the possibility of phage propagation was also further investigated. To assess whether this occurred the reactor was spiked with phage and the concentration monitored over the course of 2 weeks. Figure [10](#jctb4586-fig-0010){ref-type="fig"} show that the phage concentration decreased by approximately 2 logs over the course of 2 weeks, indicating that the phages were not propagating within the reactor, and that removal through adsorption to *E. coli* in the reactor was not occurring. The phage concentration actually decreases faster than the expected washout through the membrane determined in previous experiments, and this indicates that the anaerobic conditions in the reactor are slightly toxic to the phage causing inactivation to occur, and this could be due to the presence of specific solutes such as ammonia being present that are toxic to the phages.[14](#jctb4586-bib-0014){ref-type="ref"}

![MS‐2 phage concentration in the AnMBR bulk after phage spike over 2 weeks.](JCTB-90-384-g010){#jctb4586-fig-0010}

CONCLUSIONS {#jctb4586-sec-0016}
===========

In an AnMBR, the 0.4 µm membrane alone shows relatively poor phage rejection for both MS‐2 and T4 phages of 0.7 ± 0.4 LRV and 2.3 LRV ±0.2, respectively.For initial operation with a sparging rate between 4 and 10 LPM the LRV varied from 1.75 up to 2.10 for the MS‐2 phage, and for T4 phage rejection ranged from 5.1 up to 5.3 LRV.At a sparging rate of 2 LPM the rejection increased to 3 LRV for the MS‐2 phage, while complete removal of the T4 phage was observed; this was due to the increase in membrane fouling at such low sparging rates.Virus removal under anaerobic conditions seems to lead to slightly higher removals than under aerobic conditions, and this may be due to the action of certain anaerobic solutes.After the AnMBR had been operated at the lowest sparging rate, the MS‐2 phage rejection increased with further increases in sparging rates up to a maximum removal of 5.5 LRV. The reason for this is suggested to be due to concentration polarisation effects on the membrane surface.
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